ABSTRACT
lines than ROSE-identified COREs (MCC of 0.80 versus 0.67 for CREAM and ROSE, respectively; Fig. 5G ).
Subtyping of tumor samples based on CREAM-identified COREs
We further investigated the utility of CORES to stratify primary tumor samples.
We specifically used the H3K27ac ChIP-seq profiles (available in 
Enrichment of COREs at topologically associated domain boundaries
The genome is partitioned into different compartments subdivided into TADs that discriminate active from repressive domains [40] . Here, we integrated the distribution of COREs across the genome with topologically associated domains (TADs), based on publicly available Hi-C data in GM12878 and K562 cell lines [41] . Our analysis reveals higher enrichment of COREs rather than individual CREs at TAD boundaries (Figs. 7A and B). We also report this finding in four other cell lines with available Hi-C data, namely HeLa, HMEC, HUVEC, and NHEK cells [41] (Supplementary Fig. 4 ). This preferential enrichment of COREs as opposed to individual CREs is not due to difference in size of individual CREs versus COREs (permutation test FDR<0.001, Supplementary Fig. 5 ) and suggest that TAD boundaries are rich in cis-regulatory elements clustered near each other.
CTCF, cohesin (RAD21, SMC1 and SMC3), ZNF143 and the YY1 transcription factors were previously reported to preferentially bind chromatin at TAD boundaries delineating anchors of chromatin interactions [9, [41] [42] [43] . We therefore assessed if these transcription factors were enrichment within COREs at TAD boundaries based on their ChIP-Seq signal intensity. CTCF and RAD21 were preferential enrichment within COREs rather than individual CREs restricted to TAD boundaries in both GM12878 and K562 cell lines (FC>1.5 for both COREs and Ind. CREs; FC at COREs more than 1.5 times the FC at Ind. CREs; Fig. 7C ). No enrichment over COREs at TAD-boundaries was seen for ZNF143 and YY1, or any of the 82 and 94 additional transcription factors with ChIP-seq data in GM12878 and K562 cells, respectively. Together, this argues that CTCF and cohesin behave differently from all other transcription factors at TAD-boundaries, mapping to COREs as opposed to individual CREs. Furthermore, we show that CTCF and cohesin bind at TAD-boundary COREs with higher intensity than at intra-TAD COREs in both GM12878 and K562 cell lines (FC>2, FDR<0.001 for CTCF and RAD21, FC>1.7, FDR<0.001 for SMC3 in GM12878 and K562 respectively; Fig. 7D ). ZNF143 also preferentially occupied TAD-boundary COREs as opposed to intra-TAD COREs but only in K562 cells (FC=1.42, FDR < 0.001) (Fig. 7D) . We observed lesser differences in the binding intensity of YY1 at TAD-boundary COREs versus intra-TAD COREs in either GM12878 and K562 cell lines (FC<1.25 in both cell lines; Fig. 7D ). Extending this analysis to the remaining ChIP-seq data for transcription factors in GM12878 and K562 cell lines [30] , revealed 69% and 35% of transcription factors with increased binding intensity at TAD-boundary COREs versus intra-TAD COREs but with low effect size in GM12878 and K562 cell lines, respectively (FC>1, FDR<0.001; Fig. 7D ).
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The enrichment of CTCF and the cohesin complex within COREs at TAD boundaries led us to assess if they were themselves forming COREs, i.e. present as a cluster of binding sites at TAD boundaries. Using CREAM on the 86 and 98 ChIP-seq data from GM12878 and K562 cells, respectively, identified 41 and 59 transcription factors in either cell line forming at least 100 COREs (Supplementary Table 1 ). Comparing the distribution of transcription factor-COREs (TF-COREs) at TAD boundaries versus intra-TADs revealed more than 50% of CTCF, RAD21, SMC3, and ZNF143 TF-COREs at TAD boundaries (Fig 7E) , exemplified at the MYC and BCL6 gene loci (Fig. 7F ). In contrast, less than 10% of the SP1 and GATA2 TF-COREs mapped to TAD boundaries in GM12878 and K562 cell lines, respectively (Fig. 7E ). Taken together, these results suggest that clusters of CTCF and cohesin binding sites are preferentially found at TAD boundaries.
Computational cost
Computationally efficient methods are required to enable comprehensive CORE identification in large-scale studies, such as generated by the ENCODE project. We found that CREAM was on average 42 times faster than ROSE to identify COREs from DNase-seq ( Supplementary Fig. 6 ). To exemplify the impact of running time in typical analyses, we show that CREAM could process 80 DNase-seq data using eight processing cores and 122 giga bytes of random access memory in less than one hour, instead of 27 hours for ROSE.
CONCLUSIONS
While the concept that CREs are not all equal is well established, their classification into COREs is recent and warrants the development of improved strategies for their classification.
Here, we developed CREAM as an unsupervised machine learning method providing a systematic user biased-free approach for identifying COREs. We show that CREAM identifies COREs with higher transcription factor binding intensity and enriched proximal to genes essential for growth compared to individual CREs. CREAM-identified COREs also classify cells according to their tissue of origin, discriminating normal from cancer cells and stratifying tumor subtypes according to their genotype. In all these aspects, CREAM outperforms the ROSE method [20, 29] .
We further assessed the biological underpinning of COREs by comparing their distribution with regards to topologically associated domains (TADs), which are reflective of the three-dimensional organization of the genome [41] . Our results show that COREs are enriched compared to individual CREs at TAD boundaries. These COREs are preferentially bound by a limited number of transcription factors, namely CTCF, cohesin(RAD21, SMC3) and to a lesser extent ZNF143. These transcription factors were all reported to bind at anchors of chromatin interaction at TAD boundaries and regulate their formation [9, [41] [42] [43] .
Using CREAM on over 80 transcription factor ChIP-seq data, we report a range in the fraction of binding sites part of COREs. We further show that CTCF and cohesin TF-COREs predominantly map to TAD-boundaries as opposed to intra-TAD regions. Taken together, these results argue for a diverse relationship between COREs and transcription factors, where clusters of chromatin looping factors preferentially accumulate at TAD boundaries. This discovery argues for a model where TAD boundary formation may rely on clusters of CTCF and cohesin binding events.
While our work does not discriminate whether COREs are simply a collection of individual CREs or whether they consist of CREs synergizing with each other, our results highlights the relevance of classifying CREs into individual elements versus COREs to delineate the biology unique to a given sample in either a normal and disease context.
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METHODS
CREAM
CREAM uses genome-wide maps of cis-regulatory elements (CREs) in the tissue or cell type of interest, such as those generated from chromatin-based assays including DNase-seq, ATAC-seq or ChIP-seq. CREs can be identified from these profiles by peak calling tools such as MACS [44] . The called individual CREs then will be used as input of CREAM. Hence, CREAM does not need the signal intensity files (bam, fastq) as input. CREAM considers proximity of the CREs within each sample to adjust parameters of inclusion of CREs into a CORE in the following steps ( Fig. 1 ):
Step 1: Clustering of individual CREs throughout genome. CREAM initially groups neighboring individual CREs throughout the genome. Each group (or cluster) can have different number of individual CREs. Then it categorizes the clusters based on their included CRE numbers. We defined Order ( O ) for each cluster as its included CRE number. In the next steps, CREAM identifies maximum allowed distance between individual CREs for COREs of a given O .
Step 2: Maximum window size identification. We defined maximum window size ( MWS ) as the maximum distance between individual CREs included in a CORE. For each O , CREAM estimates a distribution of window sizes, as the maximum distance between individual CREs in all clusters of that O within the genome. Afterward, MWS will be identified as follows
where MWS is the maximum distance between neighboring individual CREs within a CORE.
Q1(log( WS )) and IQ(log( WS )) are the first quartile and interquartile of distribution of window sizes ( Fig. 1 ).
Step [14] . We ran ROSE using the default parameters.
Genomic overlap of COREs
Bedtools (version 2.23.0) is used to identify unique and shared genomic coverage between CREAM and ROSE-identified COREs.
Comparison of DNase signal within CORES identified by CREAM and ROSE and single enhancers
Signals (either DNase I hypersensitivity or ChIP-seq) over the identified COREs (or individual CREs) and 1kb flanking regions of them were extracted from the BAM files. Each CORE (or individual CREs) is subsequently binned to 100 binned regions with equal size. Each left and right flanking region is also divided to 100 bins with equal size. Hence, in total 300 bins are obtained for each CORE plus its flanking regions. We then scale the signal in these regions to the library size for the mapped reads. Finally, a Savitzky-Golay filter is applied to remove high frequency noise from the data while preserving the original shape of the data [45, 46] . This filter convolves the signal with a low degree polynomial using least square method [45, 46 ] .
Association with genes
A gene is considered associated with a CRE or a CORE if found within a ∓100kb window from each other. 
Gene expression comparison
Transcription factor binding enrichment
Bedgraph files of ChIP-Seq profiles of transcription factors are overlapped with the identified COREs and individual CREs in GM12878 and K562 using bedtools (version 2.23.0).
The resulting signal were summed over all the individual CREs or COREs and then normalized to the total genomic coverage of individual CREs or COREs, respectively. These normalized transcription factor binding intensities are used for comparing TF binding intensity in individual
CREs and COREs (Fig. 3) . Wilcoxon signed-rank test is used for this comparison.
Sample similarity
Similarity between two samples in ENCODE is identified based on Jaccard index for the commonality of their identified COREs throughout the genome. Then this Jaccard index is used as the similarity statistics in a 1-nearest-neighbor classification approach. We assess performance of the classification using leave-one-out cross validation. We used Matthew correlation coefficient for performance of the classification model [47] . In this classification scheme, we considered phenotype of the closest sample to an out of pool sample as its phenotype.
Association with essential genes
Number of genes which are in ∓100kb proximity of COREs and are essential in K562 are identified [38] . This number is then compared with number of essential genes in 10,000 randomly selected (permuted) genes, among the genes included in the essentiality screen. This comparison is used to identify FDR, as number of false discoveries in permutation test, and z-score regarding the significance of enrichment of essential genes among genes in ∓100kb proximity of COREs identified for K562 cell line.
Enrichment at topologically associated domain
We used HiC profiles generated in GM12878 and K562 cell lines provided by Rao et al.
(2014) [41] . COREs and individual CREs, from DNase I hypersensitivity profile or ChIP-Seq of transcription factors are then splitted to boundary elements if they were in 10kb proximity of TAD boundaries and intra-TAD if they were further away from the boundaries. We sampled random chromosomal regions with the same size in each chromosome to identify significant of enrichment of COREs of CTCF, RAD21, SMC3, and ZNF143 at boundaries of TADs. We used the 3D genome browser [48] 
(A) Schematic representation of a TAD boundaries and intra-TAD regions (25kb Hi-C resolution). (B) Comparison of fraction of COREs and individual CREs from DNAse-seq that lie at TAD boundaries with increasing distance from TAD boundary cutoffs in GM12878 and K562 cell lines. (C) Enrichment of transcription factor (TF) binding intensities within COREs versus individual CREs at TAD boundaries (±10kb) versus intra-TADs in GM12878 or K562 cell lines. ( D ) Enrichment of transcription factor binding intensity in TAD-boundary COREs versus intra-TAD COREs 10kb proximity of TAD boundaries (±10kb) versus intra-TAD domains. (E)
Fraction of transcription factor COREs (TF-COREs: purple) and individual transcription factor binding sites (grey) at TAD boundaries (∓10kb). The total number of individual binding sites for each transcription factor in GM12878 and K562 cell lines is also reported (orange). (F)
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